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Influence of doping by iron impurity on spin-Peierls state in CuGeO3 is studied. ESR measure-
ments for the frequency/temperature domain 60-450 GHz/ 1.8-300 K and specific heat data obtained
for the interval 6-20 K show that insertion of 1% of Fe completely destroy both spin-Peierls and anti-
ferromagnetic orders. Damping of long-range magnetic order is accompanied by onset at T <20 K of
power asymptotics for magnetic susceptibility χ∝T−α and magnetic part of specific heat cm∝T
1−α,
with the index α =0.35-0.37. This effect is characteristic to the limit of strong disorder for doped
CuGeO3 and may reflect formation of the Griffiths phase at low temperatures in CuGeO3:Fe.
PACS numbers: 75.30Cr; 75.40.-s; 75.50.Lk
A. Introduction
Discovery of inorganic spin-Peierls compound CuGeO3
opened an opportunity to study influence of doping and
disorder on the spin-Peierls state. Numerous experi-
ments and theoretical studies have been carried out in
this field up to now. However, from the theoretical
point of view, most of the available data correspond to
the limit of weak disorder when density of states have
a pseudogap, i.e. a spin-Peierls gap filled by disorder-
induced states [1]. In this case the expected temperature-
concentration T − x phase diagram consists of uniform
state, spin-Peierls state, antiferromagnetic state and the
region, where antiferromagnetic and spin-Peierls orders
coexist [1]. This structure of T − x phase diagram was
observed experimentally for Zn, Si, Ni, Co, Mg and Mn
impurities [1, 2, 3, 4, 5, 6, 7, 8, 9, 10].
In the limit of a strong disorder the ground state of
CuGeO3 is gapless and the density of states diverges at
ǫ =0: ρ (ǫ) ∝|ǫ|−α [1]. As a consequence the temperature
dependences of magnetic susceptibility χ and magnetic
contribution cm to specific heat cp acquire the forms [11]
χ ∝ T−α (1)
†Deceased
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cm ∝ T
1−α (2)
where α < 1. A non-Curie type behavior of χ(T ) have
been first reported for CuGeO3 doped with Zn [4]. How-
ever, experiments in Ref.4 were carried out for extremely
low Zn concentrations corresponding to the weak disor-
der limit, and the observed deviations from the Curie law
can not be related to the case of strong disorder.
Recently Demishev et al. [12] suggested that CuGeO3
doped with Fe provides a ”true” experimental realisation
of a strongly disordered regime [12]. It was found that
substitution of Cu by 1% of Fe in CuGeO3 matrix in-
duces strong disorder in magnetic subsystem and leads
to the complete damping of the spin-Peierls transition.
As long as the low temperature asymptotic of the inte-
grated intensity of the electron spin resonance (ESR) line
I(T ) corresponded to Eq. (1), it was concluded that dop-
ing with iron gives rise to onset of a ”quantum critical
point” [12] or, in the other words, a strongly disordered
limit [1, 11].
Nevertheless, the data presented in Ref.12 can not be
considered as a complete evidence of the aforementioned
conclusion. Firstly, the ESR frequency 60 GHz used in
[12] was high enough to cause possible violation of the
widely applied approximation I(T )∝χ(T )[13]. Indeed, in
general case the integrated intensity for arbitrary electro-
magnetic wave frequency ω and resonant magnetic field
2Bres is given by [14]
I(T ) ∝ ω
M(T,Bres)
Bres
(3)
and the observed in [12] deviations from Curie law may
reflect non-linearity of magnetic moment M(T,Bres) in
strong magnetic field (note that for ω/2π =60 GHz the
resonant field in CuGeO3:Fe is about Bres ≈ 2 T [12]).
Secondly, the iron concentration of 1% is relatively
low and according to most findings should correspond
to the weak disorder region [1, 2, 3, 4, 5, 6, 7, 8, 9, 10].
At the same time the absence of antiferromagnetic reso-
nance (AFMR) modes in [12] was confirmed only up to
ω/2π =120 GHz. Therefore the possibility of coexistence
of ESR and AFMR, i.e. of spin-Peierls and antiferromag-
netic orders, in high frequency range ω/2π >120 GHz for
CuGeO3:Fe is not excluded. The described coexistence
is a fingerprint of considerable but still weak disorder [1],
so experiments at higher frequencies are highly desirable.
Thirdly, in the limit of a strong disorder Eqs. (1) and
(2) should be valid simultaneously. This have not been
checked in [12], moreover as far as we know the infor-
mation about specific heat of the doped CuGeO3 in this
region is missing.
The aim of the present work is to solve experimentally
these three problems formulated above and verify inter-
pretation proposed in [12]. For that reason we studied
single crystals of Cu0.99Fe0.01GeO3 obtained by self-flux
technique [15] and identical to the crystals studied in [12].
The quality of crystals have been controlled by X-ray and
Raman scattering data; the actual contents of Fe in crys-
tals was determined by chemical analysis. The structure
of the samples studied coincided with the structure of
pure CuGeO3 and the effect of doping on the Raman
spectra confirmed that iron impurity substitute cooper
[12].
Experimental facilities of three different kinds were
used to study magnetic and thermodynamic properties
of CuGeO3:Fe. Magnetoabsorption lines for the frequen-
cies up to 450 GHz were studied with the help of the
magneto-optical facility at Kobe University. In this ex-
periment we measured transmission through the sample
as a function of magnetic field B up to 16 T at fixed
frequency for liquid helium temperatures 4.2 K and 1.8
K. Simultaneously a reference transmittance of the thin
layer of DPPH powder has been recorded and both mag-
netoabsorption spectra of CuGeO3:Fe and DPPH were
analyzed quantitatively.
Temperature dependence of the ESR spectrum in the
range 1.8-140 K was measured using 60 GHz cavity spec-
trometer in General Physics Institute [12]. For each tem-
perature studied the accuracy of the temperature stabi-
lization was better than 0.01 K. All magnetoabsorption
experiments reported below were carried out in B‖a ge-
ometry.
Specific heat of CuGeO3:Fe for the temperature inter-
val 6-20 K was studied in Moscow State University with
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FIG. 1: Magnetoabsorption spectra for CuGeO3:Fe in trans-
mission experiment.
the help of the low temperature small sample relaxation
calorimeter.
B. ESR studies of CuGeO3:Fe
Typical magnetoabsorption spectra in transmission ex-
periment are shown in Fig. 1. Up to ω/2π =450 GHz
neither additional ”impurity” lines, nor AFMR modes
have been detected and the spectrum for CuGeO3:Fe con-
sists of a single lorenzian ESR line. The corresponding
g−factor value is close to that for Cu2+ ions in the case
B‖a (see below). The resonant field for this line scales
linearly with frequency, i.e. g-factor is frequency inde-
pendent (see inset in Fig. 1).
Transmission data obtained at various frequencies
were used to calculate ESR integrated intensities for
CuGeO3:Fe and DPPH. It follows from Eq. (3) that for
each frequency
I1
I0
=
M1(T,B
1
res)
M0(T,B0res)
·
B0res
B1res
(4)
where indexes 0 and 1 denote characteristics of ESR lines
for DPPH and CuGeO3:Fe respectively. Assuming that
magnetic moment of DPPH is given by Brillouin func-
tion M0(T,B) ∝ BJ(µBB/kBT ) it is possible to calcu-
late field or frequency dependence of magnetic moment
M1(T,Bres) = f [Bres(ω)] for CuGeO3:Fe with the help
of Eq. (4). The result is presented in Fig. 2; it is visi-
ble that linear region M1 ∝ Bres lasts up to Bres ≈6 T
(ω/2π =200 GHz). At higher resonant fields/frequencies
magnetic moment of CuGeO3:Fe tends to saturate and
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FIG. 2: Frequency and resonant field dependence of mag-
netic moment M1 and ESR line width ∆B for CuGeO3:Fe at
T =1.8 K. Curve 1 correspond to best fit of ∆B(ω) using Eq.
(5).
above Bres ≈11 T (ω/2π =350 GHz) M1(Bres) starts to
decrease with field (Fig. 2).
Along with the integrated intensity the width ∆B of
the ESR line in CuGeO3:Fe was calculated. Contrary
to the frequency independent g-factor this parameter
demonstrates a considerable frequency dependence. It
follows from Fig. 2 that ∆B increases two times when
frequency is varied from ω/2π =60 GHz to ω/2π =450
GHz. Experimental data ∆B(ω) at T =1.8 K can be
modeled by expression
∆B = A · ω2 + C (5)
which is characteristic to Raman relaxation mechanism
for S=1/2 ion [16]. The line 1 in Fig.2 correspond to best
fit parameters in Eq. (5) A =(3.2±0.4)·10−7T/GHz2
and C =(0.063±0.004) T. It is interesting, that attempts
to model ∆ B(ω) by expression for the direct process
∆B∝ω5/tanh(h¯ω/2kBT) [16] have failed as long as the
theoretical frequency dependence was too strong to fit
the experimental data in Fig. 2. Therefore it is possible
to conclude that at low temperatures the dispersion of
the relaxation time in CuGeO3:Fe is controlled mainly
by the Raman process.
The above results indicate that at ω/2π =60 GHz
the CuGeO3:Fe remains in the region of linear magnetic
response and relation I(T )∝χ(T ) ≡M(T,Bres)/Bres is
valid. In order to check assumptions of Ref. 12 we per-
formed also temperature measurements of the ESR in
the 60 GHz cavity spectrometer on the same crystal as
was investigated in the quasi-optical transmission exper-
iment. For the precise determination of the g-factor a
DPPH crystal was placed in the cavity together with the
CuGeO3:Fe sample.
At all temperatures studied a single absorption line of
lorenzian shape was observed (Fig.3), that is in agree-
ment with the results of the quasi-optical experiment.
Data in Fig.3 were used to calculate temperature de-
pendences of the g-factor g(T ), line width ∆B(T ) and
integrated intensity I(T ) (see Fig.4).
For T >20 K the value of the g-factor is g ≈2.15 and
characteristic to Cu ions in CuGeO3 structure for geom-
etry B‖a [17]. Below T =20 K g-factor starts to increase
with lowering temperature and reach the value g =2.19
at T =1.8 K (Fig. 4). It is worth to note, that in the
case of Fe-doped crystal no giant changes of the g-factor
like in Ni-doped CuGeO3 [8] are observed.
The temperature dependence of the line width is non-
monotonic: when temperature is lowered the ∆B(T ) first
decreases, passes through a minimum at T ≈10-20 K,
and finally starts to increase again. It is interesting that
in pure CuGeO3 the width of the ESR line decreases
gradually with lowering temperature and the magnitude
of ∆B(T ) at T =100 K is about 6 times smaller than
in Fe-doped crystal [17]. The decrease of temperature
makes a difference in ∆B(T ) more dramatic: at T =1.8
K the line width for the Fe-doped CuGeO3 is 200 times
bigger than in pure crystal (see Fig. 4 and data from
Ref.17).
The significant difference between pure and Fe-doped
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FIG. 3: Evolution of the ESR absorption line with tempera-
ture measured in cavity spectrometer (ω/2pi =60 GHz, mode
TE011, quality factor Q =10
4).
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FIG. 4: Temperature dependences of the integrated intensity
I , line width ∆B and g-factor obtained in cavity experiment.
CuGeO3 is visible in the temperature dependence of the
integrated intensity. It follows from Fig. 4 that in
the Fe-doped crystal spin-Peierls transition is completely
damped. For T >70 K integrated intensity obeys Curie
law I(T ) ∝T−1 (Fig. 4, curve 1). In the temperature
range 25-70 K I(T ) saturates, and at lower temperatures
a power law asymptotic behavior I(T ) ∝T−α with the
index α =0.35±0.03 is observed (Fig. 4, curve 2). This
result agrees well with the data obtained in Ref.12.
C. Specific heat in CuGeO3:Fe
The experimental limitation on the sample mass in
specific heat measurements has not allowed to study in-
dividual crystals as in ESR experiments and a set of
CuGeO3:Fe single crystals cleaved from the same ingot
and having total mass about 40 mg have been used. The
temperature dependence of specific heat cp(T ) for Fe-
doped and pure CuGeO3 is presented in Fig. 5 (curves
1 and 4 respectively). The sharp peak at spin-Peierls
transition in CuGeO3:Fe sample have vanished, that is
in agreement with the ESR evidence of complete damp-
ing of the spin-Peierls transition by iron impurity (Fig.
4).
From the fact that in Fe-doped crystal specific heat
is considerably (about 50% for T >14 K) bigger than in
pure CuGeO3 (Fig. 5) it is reasonable to suppose that the
studied sample has an excessive magnetic contribution
cm(T ) in cp(T ):
cp(T ) = cD(T ) + cm(T ) = βT
3 + γT δ (6)
Here the first term represents lattice (Debye) part and
the choice for the analytical representation of the mag-
netic term cm(T)=γT
δ is made in accordance with Eq.
(2).
The Eq. (6) was applied to model experimental
data for CuGeO3:Fe (Fig. 5). We find the value
β =(0.36±0.02) mJ·mol/K, corresponding to Debye tem-
perature ΘD ≈300 K. This result agrees well with the
previous findings for pure CuGeO3 [18], where ΘD =310
K have been obtained. Consequently the main changes
in specific heat caused by doping with iron occur in mag-
netic part cm(T ) (see curve 2 in Fig. 5; the magnetic
contribution is obtained by subtracting of the lattice part
from cp(T )). The best fit of cm(T ) gives parameters
values δ =0.63±0.04 and γ =(0.44±0.04) mJ·mol/K1+δ.
The power law for magnetic part of specific heat is illus-
trated by inset in Fig. 5.
D. Summary and discussion
Summarizing experimental results of the present work,
we wish to mark that observed low temperature behavior
of the ESR line reflects intrinsic properties of Cu2+ chains
modified by Fe impurity rather than impurity paramag-
netism caused by Fe ions. This conclusion can be deduced
from the g-factor values characteristic to Cu2+ (Fig. 4)
and the observation of the line width frequency depen-
dence given by Eq. (5). Indeed, for the Fe2+ ion substi-
tuting Cu2+ ion in S =1/2 chain a spin state with S =2
may be expected [19]. For the integer impurity spin the
2 4 6 8 10 12 14 16 18 20
0
2
4
6
4
3
2
1
C p
 
(J/
m
o
l K
)
T (K)
10
0.0
0.2
0.4
0.6
C
m
 ~T  0.63
 T (K)
 
lo
g( C
m
 
)
FIG. 5: Temperature dependence of specific heat in
CuGeO3:Fe. Curve 1: points- experiment, line- best fit using
Eq. (6). Curve 2: points- experimental data for magnetic spe-
cific heat obtained from cp(T ) by substraction of the lattice
contribution (curve 3); line- best fit of magnetic part. Curve
4- specific heat for pure CuGeO3 (from [18]).
5term proportional to ω2 in expression for the line width
should vanish and ∆B(T ) will be frequency independent
[16]. The expected ”impurity behavior” for Fe2+ contra-
dicts to experimental data (Fig. 2) and the whole exper-
imental picture of ESR in CuGeO3:Fe is consistent with
the assumption that magnetic properties of this system
are controlled by disordered Cu2+ chains. The presence
of the disorder in magnetic subsystem follows from the
strong broadening of the ESR line with respect to the
pure crystal (Fig. 4 and Ref.17) and agrees with the
results of the structural studies [12].
As long as the integrated intensity measured at
ω/2π =60 GHz for CuGeO3:Fe is proportional to mag-
netic susceptibility, the latter quantity diverges at T <20
K: χ(T ) ∝T−α, where α ≈0.35. According to Eq. (2) the
value of the index δ in Eq(6) should be δ = 1− α ≈0.65,
whereas experiment gives δ =0.63 (Fig. 5). Both values
of the indexes are coincide within the experimental error
and therefore Eq. (1) and Eq. (2) are hold simultane-
ously. This result confirms that inserting of 1% of iron
in CuGeO3 matrix really induces a strongly disordered
limit of doping as it was proposed in [12].
From the theoretical point of view the non-Curie
asymptotic behavior of magnetic susceptibility and re-
lated power law for magnetic part of specific heat reflect
the onset of the Griffiths phase (GP) which thermody-
namic properties are controlled by relatively rare spin
clusters correlated more strongly than average [20-22].
The GP appears in various spin systems below some criti-
cal temperature TG if the magnitude of random potential
is strong enough to destroy transition to magnetically or-
dered phase [20-22] (in the case of CuGeO3:Fe we have
shown that both spin-Peierls and antiferromagnetic tran-
sitions are completely damped by doping). According to
the data in Fig. 4 the value of TG in CuGeO3:Fe can
be estimated as TG=20-40 K. The possible interaction
effects inside spin clusters of GP may be also responsible
for a weak temperature dependence of the g-factor ob-
served at T < TG (Fig. 4) and unusual field dependence
of magnetic moment (Fig. 2). However this problem
requires further theoretical investigation.
It is interesting, that 1% of iron is sufficient to shift
doped CuGeO3 into the region of the strong disorder,
whereas another impurities studied [1, 2, 3, 4, 5, 6, 7,
8, 9, 10] have corresponded to a weak disorder limit [1].
This question deserves a detail discussion of the universal
properties of T − x phase diagram of CuGeO3 and is
reserved for future publications.
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